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The liver plays a pivotal role in the metabolism of nutrients, drugs, hormones,and metabolic wasteproducts, thereby maintaining
body homeostasis. The liver undergoes substantial changes in structure and function within old age. Such changes are associated
with signiﬁcant impairment of many hepatic metabolic and detoxiﬁcation activities, with implications for systemic aging and
age-related disease. It has become clear, using rodent models as biological tools, that genetic instability in the form of gross DNA
rearrangements or point mutations accumulate in the liver with age. DNA lesions, such as oxidized bases or persistent breaks,
increase with age and correlate well with the presence of senescent hepatocytes. The level of DNA damage and/or mutation can be
aﬀected by changes in carcinogen activation, decreased ability to repair DNA, or a combination of these factors. This paper covers
some of the DNA repair pathways aﬀecting liver homeostasis with age using rodents as model systems.
1.Introduction
The liver plays a pivotal role in the metabolism of nutrients,
drugs, hormones, and metabolic waste products, thereby
maintaining body homeostasis. Th eli v eri sc en tra lt ogluc os e
and lipid homeostasis as well as steroid biosynthesis and
degradation. This organ also has a major impact on health
and homeostasis through its control of serum protein
composition. The liver undergoes substantial changes in
structure and function in old age. For example, serum and
biliary cholesterol rise, liver regeneration declines, hepatic
drug clearance decreases, and liver volume and blood ﬂow
decrease with advancing age [1]. Such changes are associated
with signiﬁcant impairment of many hepatic metabolic
and detoxiﬁcation activities with implications for systemic
aging and age-related disease. In addition to the altered
hepatocytefunctions withage,majormorphological changes
also occur with the liver sinusoidal endothelial cells. These
specialized endothelial cells are very thin and contain pores
approximately 50–150nm in diameter grouped together in
clusters. This fenestration of the endothelial lining allows
a wide range of substrates including larger molecules like
triglyceride-rich spherical lipoproteins called chylomicrons
to reach the underlying hepatocytes for processing [1]. The
size and number of pores decrease with age in several
mammalian species. Such changes are believed to impact
directly on the hepatic metabolism of lipoproteins thus
predisposing aged individuals to cardiovascular diseases [2].
Finally,allthesemorphologicalandfunctionalchangesinthe
liver tissue are likely to aﬀect therapeutic interventions due
to the handling and metabolism of pharmacological agents
in older individuals. Adverse drug reactions are estimated to
be two to three times higherin elderly patientsthan inyoung
adults [3, 4].
Concomitant with morphological changes, the liver
exhibits important alterations in global gene expression
proﬁles with age. In mice, aging is accompanied by changes
in expression of genes associated with increased inﬂamma-
tion, cellular stress, ﬁbrosis, altered capacity for apoptosis,
xenobiotic metabolism, normal cell-cycle control, and DNA
replication [5]. Lifelong calorie restriction reversed the2 Current Gerontology and Geriatrics Research
majority of these changes [6]. In a recent study with C57BL/
6J mice, the expression proﬁles of liver tissues from eight-
month-old and 32-month-old animals were compared [7].
Aging was accompanied by suppression of genes involved
in the insulin growth factor-1/growth hormone pathways,
carbohydrate metabolism and ATP biosynthesis, xenobiotic
metabolism,andperoxisomalbiogenesis.Finally,oldanimals
exhibited an increase in the immune and inﬂammatory
responses and an upregulation of genes associated with
protein and amino acid glycosylation. Overall, liver from old
mice exhibits a decrease in growth/proliferation pathways
and metabolisms that would increase oxidative stress, and an
increase in inﬂammatory and stress response genes.
Several theories have been proposed for the age-asso-
ciated alterations observed in the liver, and one of them
is the somatic mutation theory of aging. This theory was
followed by the DNA damage theory of aging [8], which
proposes that the accumulation of genomic instability in
cells of a tissue, particularly in the stem cell compartment of
the tissue, will modify several genes that can eventually lead
to either cancer, apoptosis, senescence, or abnormal tissue
homeostasis. A body of correlative data supports this theory,
but how much genetic instability contributes to overall aging
is still in debate. Nonetheless, it is important to mention that
eventhoughDNArepairmaynotchangewithage,mutations
may still accumulate with the number of cell division in
a tissue due to unavoidable DNA replication errors. In a
situation in which DNA repair declines with age, unrepaired
DNA lesions may persist with harmful consequences to
the cells with age. Unrepaired DNA lesions may not only
aﬀect the eﬀectiveness of copying chromosomes during
DNA replication, but also the transcription of damaged
loci. Finally, a shift from error free to error-prone DNA
repair pathways during aging may also contribute to the
accumulation with age. In this paper, we will use the mouse
model to describe what is known about DNA repair in the
aging liver and its probable implication in the age-associated
physiological modiﬁcations.
2.MutationRateintheLiverofMicewithAge
The mouse is a good biological tool that allows the analyses
of diﬀerent tissues with little limitation on the amount of
biologicalmaterialsavailable.Miceareeconomicalcompared
to larger mammals, and there is a huge volume of literature
on the physiology, behavior, and biochemistry of such
rodents. Importantly, it is possible to modify the diet of
mice or treat them with drugs to mimic speciﬁc diseases
and/or to improve their health status. Finally, their genomics
and genetics have been extensively studied to such a point
that now there is a battery of transgenic and knockout mice
which, to some extent, phenocopy important age-related
diseases. Many mice with mutations in diﬀerent DNA repair
proteins are available. Importantly, at least four transgenic
lines with the lacI and/or LacZ reporter genes have been
intensivelyusedtoestimate themutationfrequencyorratein
thegenome ofdiﬀerenttissueswith age.One such transgenic
line bears a lambda shuttle vector that carries a lacI target
and an alpha lacZ reporter gene [9, 10]. Genomic DNA
is isolated from the tissue under study, and the shuttle
vector is recovered by exposing the DNA to lambda phage
packaging extracts in vitro. Mutations in the lacI target gene
that inactivate the repressor gene allow expression of the
alpha lacZ reporter gene, resulting in blue mutant plaques.
Sequencing of the DNA from these plaques not only allows
the estimation of the mutation frequency, but it also points
to the type of mutation providing insights into potential
mechanisms [9, 10]. The lacI gene is highly sensitive to
base substitution and frame shift mutations, as well as small
deletions and insertions, making the transgene an ideal
choice for recovery of spontaneous and induced mutations
[11, 12]. The Big Blue mouse contains approximately 40
copies of the lambda shuttle vector stably integrated as a
tandem array at a single position in chromosome 4 [12].
The MutaMouse contains the sequence of a phage carrying
the lacZ gene integrated in a head-to-tail arrangement of
approximately 40 copies located at a single insertion site
in chromosome 3 [13, 14]. The technical diﬀerence in
identifying mutations in these two mouse systems is that the
Big Blue mouse model is based on forward mutations in the
lacI reporter sequence derepressing the lacZ gene thereby
yielding blue plaques as mutants. Thousands of plaques
need to be examined. The Muta mouse is based on forward
mutationsinthelacZ reportergenethatcanbeeasilyselected
because only mutants will generate plaques. Finally, the lacZ
transgenic mice lines 30 and 60 bear a plasmid carrying
the lacZ gene. Line 60 was found to have two integration
sites, which were mapped to chromosomes 3 and 4. The
plasmid integration site of line 30 is on chromosome 11.
Each integration site in both transgenic lines has about ten
to twenty plasmids per haploid genome [15]. Plasmids are
rescued by excision with the restriction enzyme HindIII,
followed by separation from mouse genomic DNA by the
use of magnetic beads coated with the lacI repressor protein,
which will bind the lacI sequence. The recuperated DNA is
then self-ligated to obtain circular plasmids that are ﬁnally
transferred into Escherichia coli C bacteria (harboring a
deletion of its own lacZ gene) for sequence analyses [15, 16].
Mice of line 60 are appropriate transgenic animals for the
study genome rearrangements in the aging liver [15, 17],
and chromosomal translocations and deletions up to 66
megabases have been observed in the tissues of such mice
[17]. Such chromosomal rearrangements cannot be detected
using the phage-based reporter models (the MutaMouse and
the Big Blue models).
Before describing the ﬁndings obtained with these trans-
genic mouse mutation detection systems, one needs to have
an overview of liver growth and development. The following
information was obtained from a paper published by Stuart
and Glickman in 2000 [10]. The liver is regarded as a slowly
renewing tissue. The liver from two-week-old CBA/C57BL
mice contains approximately 0.8 × 108 hepatocytes/cm3 of
tissues. This number increases by 1.5-fold to approximately
1.2 × 108 cells in three-month animals, then decreases
slightly to 0.98 × 108 and 0.88 × 108 cells/cm3 at ages of 12
and 24, respectively. Cell proliferation decreases signiﬁcantly
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ages 2.5 to 32 months. Although the number of cells
in the postnatal liver reaches a plateau, DNA synthesis
continues at a reduced rate throughout adulthood, resulting
in an age-related increase in mean polyploidy. Thus, mean
DNA ploidy levels in mouse liver double from ages of
one week to one month and thereafter increase steadily,
doubling again by 24 months of age. This increase in liver
polyploidy is accompanied by an increase in liver weight
but not in cell number. From the age of two to three
weeks, it has been reported that each liver cell in the
mouse enters the mitotic cycle from one to six times (three
on average), resulting in an eight-to-ten-fold increase in
liver mass and about a threefold increase in the number
of cells. Mature hepatocytes are fully diﬀerentiated, self-
maintaining cells with low proliferative rate and low, if
any, rate of cell elimination from the population during
the life of the mouse. The liver cells in newborn mice are
diploid but polyploidy levels increase in young animals [10].
The presence of advanced polyploidy in mammalian cells is
generallyconsideredanindicationofterminaldiﬀerentiation
and senescence of cells [18]. As pointed out by Gupta in
2000 [18], although the existence of a liver stem cell is often
debated, most experts agree that progenitor liver cells are
activated in response to signiﬁcant depletion of hepatocytes
following exposure to hepatotoxins or carcinogens. It has
been estimated that mouse hepatocytes have a turnover
time of 480–620 days [10]. Thus, an adult mouse would
have up to 30–40% of hepatocytes with more than one
nucleus. Multinucleated hepatocytes are thought to develop
in response to completion of DNA synthesis and mitosis
but with failure of cell division or cytokinesis, which would
normally generate daughter cells containing single nuclei
[18]. The exact molecular mechanisms leading to polyploidy
in the liver are still unknown. Recent evidence, however,
suggested that key components of the insulin pathway
(PI3K and Akt kinases) control cytokinesis failure events.
For example, rats injected with insulin exhibit increased
tetraploidization in the liver [19]. Interestingly, polyploid
hepatocytes are under oxidative stress, as suggested by an
antioxidant depletion, increased lipid peroxidation, and
elevated 8-hydroxyguanine in nuclear DNA. Accordingly,
introduction of oxidative injury signiﬁcantly induced poly-
ploidy in cultured hepatocytes freshly isolated from rat liver
[20]. Liver repopulationassays (after partial hepatectomy) in
rodents also show markedly decreased replication capacity
in polyploid hepatocytes [20]. Thus, the diploid cells will be
responsible for liver regeneration after a partial hepatectomy
as they still retain their full proliferative potential unlike
polyploidy cells. The presence of senescence-type changes
in polyploidy hepatocytes is likely to aﬀect normal liver
homeostasis during aging. In addition, cell polyploidy is
a potential source of aneuploidy, DNA rearrangements,
and tumorigenesis. Indeed, chromosomal aberrations after
partial hepatectomy increase with aged mice. Additional
results based on the analyses of the lacZ reporter plasmid
(transgenic mouse line 60) showed a rapid accumulation of
genome rearrangements in the liver of old mice (27 months
of age and older) [15]. On average, there was a two-to-four-
fold increase in liver genome rearrangements involving the
lacZ reporter gene over the life span of mice [15, 17]. The
authors of these studies hypothesized that the increase in
DNA rearrangements in the liver of old mice was due to
oxidative stress [15].
The free radical theory of aging, ﬁrst proposed by
Harman in 1956 [21], has received a lot of attention over
the years as indicated by the number of scientiﬁc reviews
on antioxidant interventions in diﬀerent animal models and
human clinicaltrials. The mitochondrion has beenidentiﬁed
as a major source of reactive oxygen species (ROS) and
thus oxidative stress potentially contributing to the aging
process, although several plasma membrane and cystosolic
enzymes may also contribute to the increased intracellular
pro-oxidant status observed during aging [22]. In the mito-
chondrial respiratory chain, electrons entering complexes
I and II are transferred to complex III, then IV where
they are combined with molecular oxygen and hydrogen
to form H2O. Redox reactions at respiratory complexes I,
III, and IV are coupled to the extrusion of protons from
the mitochondrial matrix into the intermembrane space.
The re-entry of protons into the matrix is coupled to
the synthesis of ATP from ADP and Pi.T h i so x i d a t i v e
phosphorylation is responsible for the vast majority of
ATP production and oxygen consumption in most types of
animal cells [23]. Up to 2% of oxygen used in this complex
reaction undergoes monoelectronic reduction and results in
the formation of superoxide anion and hydrogen peroxide,
which can lead to the formation of the more toxic species
hydroxyl radicals [24, 25]. Such reactive species can attack
and modify genomic DNA. An important type of oxidative
DNA lesion accumulating with age is 8-oxo-deoxyguanine
[26]. If unrepaired, this adduct in genomic DNA may lead
to a point mutation upon DNA replication. During DNA
replication, 8-oxo-deoxyguanines present on either strand of
DNA can mispair with adenosines and lead to G:C → T:A
transversion mutations. A misincorporation of an 8-oxo-
deoxyguanine as a substrate nucleotide can also lead to the
same type of mutational pattern [27].
TheBigBluetransgenicmousedetectionsystemwasused
to examine the spontaneous point mutation frequency and
p a t t e r ni nt h ea g i n gl i v e r[ 9, 10, 12, 28]. The major conclu-
sions from these studies are that the spontaneous mutation
frequency increased with age in mouse liver, although no
speciﬁc type of point mutation predominated (transversion
or transition type of mutation) with age. The only exception
was an increase in the frequency of GG → TT tandem-
base mutations, which speciﬁcally increased with age in the
liver. Although there was a lot of interindividual variations
between old mice, overall the liver showed approximately
two-to-four-fold increase in point mutation frequency from
10 to 30 months of age [28]. In contrast, the GG → TT
tandem transversion mutation in the liver of Big Blue mice
increased eight-fold in middle-aged animals (compared to
young mice) and 20-fold by 25 months of age [12]. The
GG → TT tandem-base mutation represented a mutational
signature of an age-related change in older liver not seen
in other tissues. The increased frequency of endogenous
GG → TT tandem-base mutation pattern in the aging liver
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can result from lipid peroxidation reactions [12], as the
liver is the major site for lipid metabolism in the body
[2]. Notably, the mutation frequency and pattern (type of
mutations) in other tissues, like brain or germline tissues
for example, were diﬀerent than in liver [9, 10, 12, 28].
Thisconclusionwasalso reached withlacZ transgenic mouse
model [29].
Inviewofthelowmutationfrequencyintheliverand the
low levels of DNA rearrangements, several authors argued
that such changes in the genetic material would not be
suﬃcientlyhightohaveanimpact onliverfunctionwithage.
It is possible, however, that the transgenic mouse mutation
detectionsystemisunderestimating thenumber ofpersistent
DNA lesions (or damage) that would aﬀect DNA replication
ortranscription. Theyalso miss mutationsthat onlydecrease
gene activity, but which can still have an impact on aging.
Finally, thetransgenic reporter systems cannotdetect mitotic
recombination events that can lead to somatic mutations
[30].
3.LevelsofDNA Damageinthe Mouse
Aging Liver
As discussed above nucleic acids can be oxidized by ROS
that are formed as natural byproducts of the mitochondrial
metabolism of oxygen. In addition, organisms are constantly
exposed to exogenous sources of ROS and environmental
agents or pollutants that can damage DNA. The most
common pollutants include car exhaust particles, cigarette
smoke, UV and ionizing radiation, insecticides, and pes-
ticides, among others. The most characterized mutagenic
DNA lesion appearing due to endogenous metabolism is
8-oxo-deoxyguanine. The presence of this lesion in the
DNA results from either the direct oxidation of guanine
bases in the DNA or as a consequence of incorporation
of 8-oxo-7, 8-dihydro-2 -deoxyguanosine 5 -triphosphate
(8-oxodGTP) during replication [31]. Several publications
have indicated that mice accumulate 8-oxo-deoxyguanine
lesions in their liver with age by approximately 1.8-to-
2.8-fold [31–34]. Concomitant with the increase in 8-oxo-
deoxyguanine lesions, persistant single-strand breaks have
also been described in the liver of aging mice [32]. This is,
however, still debated as there are several reports indicating
no increase in 8-oxo-deoxyguanine lesions or single-strand
breaks in the liver of old rodents compared to young
animals [35, 36]. It has been suggested that the discrepancies
observed in the literature are due to artifactual DNA
oxidation, which arise during the isolation and analysis of
the DNAsamples [34], and a consortiumoflaboratories (the
European StandardsCommitteeonOxidativeDNADamage,
ESCODD)was established to look into these methodological
aspects [37].
Formamidopyrimidines such as 2,6-diamino-4-hydroxy-
5-formamidopyrimidine and 4,6-diamino-5-formamidopy-
rimidine are also DNA lesions occurring due to oxidative
stress related to mitochondrial metabolism [31], which can
be detected in liver DNA at levels comparable to or even
higher than those of 8-oxo-deoxyguanine in six-month-old
animals [38]. In contrast to 8-oxo-deoxyguanine lesions,
however, formamidopyrimidine lesions did not increase in
the liver of old mice [31]. It has been estimated that 8-oxo-
deoxyguanine makes up approximately 5% of all oxidative
lesions [39]. Although the steady-state levels of 8-oxo-
deoxyguanine would seem relatively small in the genome
of rodent cells, the accumulation of 8-oxo-deoxyguanine in
speciﬁc sites in the genome is expected to be highly relevant
for aging.
Telomeres are DNA structures composed of TTAGGG
repeats of several kilobases (thus G rich sequence) required
for the maintenance of chromosomal ends. They protect
chromosomes from end-to-end fusion, recombination, and
degradation. It is now well accepted that an increase in chro-
mosome instability may be associated with loss of telomeric
repeats and cellular senescence [40, 41]. Senescent cells are
often oblivious to external growth stimuli and may aﬀect
the rejuvenation or normal homeostasis of tissues with age.
Thus, due to its high guanine content, the telomeres are hot
spotsforoxidativedamage, atleastin humancells[42].More
importantly, 50% of single-strand breaks remain unrepaired
in telomeres unlike the same kind of damage in other
part of the genome [42]. Embryonic ﬁbroblasts from mice
lacking the DNA glycosylase OGG1, which removes 8-oxo-
deoxyguanine, showed telomere shortening and increased
sister chromatid exchange, indicating an important role
of this lesion in telomere dysfunction [43]. Finally, it has
been reported that a single 8-oxo-deoxyguanine lesion in
a deﬁned telomeric substrate reduced the percentage of
bound TRF1 and TRF2 proteins by at least 50%, compared
with undamaged telomeric DNA [44]. Thus, oxidative DNA
damage may also exert deleterious eﬀects on telomeres by
disrupting the association of telomere maintenance proteins
TRF1 and TRF2 [44]. “Uncapped” telomeric 3 -overhang
sequence TTAGGG will induce a senescent phenotype in
cultured human ﬁbroblasts [45]. Despite the observation of
telomere attrition inOGG1-deﬁcient mice, such mice do not
exhibit a premature aging syndrome. These results suggest
thatotherunknownprocessesareatplayduringagingorthat
the extent of telomere dysfunction is not as high in tissues
as one would see after several generation in mice lacking
the enzyme telomerase required for telomere maintenance
[46].
A recent study has indicated a good correlation between
t h ep r e s e n c eo fs e n e s c e n tc e l l si nt h el i v e ro fm i c e( d e -
tected on cryosections with the senescence associated β-
galactosidase) and the presence of DNA breaks detected by
immunohistochemistry withanantibodyagainst thedouble-
strand DNA break marker γ-H2AX [47]. The vast majority
of γ-H2AX foci-positive cells in the liver were hepatocytes as
judged by morphological criteria. The frequency of γ-H2AX
foci-positive cells increased signiﬁcantly with age by twofold
in the liver of mice. More precisely, γ-H2AX foci-positive
cells increased from 17% of the hepatocytes in the liver of
12-month-old mice to 34% of hepatocytes in 42-month-old
animals [47]. At all ages, however, the frequencies of foci-
positive hepatocytes in the periportal areas were lower than
inthecentrilobularandintermediateareasofthelobes.Thus,
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DNA breaks with age. It is worth mentioning that not all
γ-H2AX foci-positive cells in the liver of mice are also
positive for senescence-associated β-galactosidase [47]. The
potential problems with γ-H2AX foci-positive cells are that
theycandieby apoptosis oraccumulatecarcinogeniclesions.
Dead cells must be replaced by a constant renewing of stem
cells. If stem cells are senescent and do not respond to envi-
ronmental stimuli to divide, the accumulation of senescent
cells with age will eventually aﬀect liver rejuvenation and the
normal homeostasis of this tissue.
There is evidence for an increase susceptibility to DNA
damage in the liver from exogenous toxic agents (including
oxidative stressors) with age. For example, the number of 8-
oxo-deoxyguanine lesions in hepatic DNA of 14-month-old
mice treated with carbon tetrachloride, known to generate
ROS in the mouse liver, was signiﬁcantly higher than
that of the two-month-old animals treated with the same
chemical [33]. Similarly, DNA lesions (mainly single-strand
breaks) induced by the oxidizing agent nitroquinoline-N-
oxide increased with age in the liver of mice [32]. Hepatic
DNA from older mice are also more prone to alkylating
damage than younger animals. In one report, liver DNA in
old (29 months) mice accumulated 50% more damage when
treated with the alkylating agent N-methyl-N-nitrosourea
(MNU) than young (nine months) animals treated with the
same amount of the drug (doses normalized on weight)
[48]. N-nitroso compounds are widely disseminated in the
environment and are important food contaminants. A major
mutagenic DNA lesion produced by MNU in the liver of
mice is the 7-methylguanine. Interestingly, the same study
with MNU also revealed age-related changes in chromatin
compositionorstructurethatmakesomegenomicsequences
more accessible to alkylating agents in liver tissue of older
animals [48]. Liver chromatin can be fractionated into
nuclease-soluble, low-salt, high-salt, and nuclear matrix
fractions. All fractions of liver chromatin from young mice
(nine to eleven months) were equally modiﬁed by MNU.
In contrast, nuclease-sensitive regions of liver chromosomes
from old mice (28-29 months) were preferentially alkylated
by MNU over bulk chromatin and nuclear matrices [48].
With regards to liver chromatin, it is worth mentioning
that there is an age-dependent increase in the amount of
DNA protein cross-links in some strains of short-lived mice
compared to long-lived mouse strains [49]. The reason for
this diﬀerence has yet to be determined.
Finally,themetabolismofprocarcinogensintheliverwill
impact on the levels of DNA damage with age. For example,
the genotoxicity of the environmental pollutant polycyclic
aromatic hydrocarbon benzo[α]pyrene is dependent on its
metabolic activationbyliverP450cytochromemonooxygen-
ase enzymes [50]. The reactive metabolite binds predom-
inantly to guanines in the DNA. Such DNA adducts are
mainly repaired by the nucleotide excision repair pathway.
Interestingly, the formation of DNA adducts by benzo[α]
pyrene was decreased by approximately threefold in the liver
of 18-month-old animals compared to two-month-old mice
[50]. This decrease is concomitant with the reduced total
microsomalP450contentobservedinrodentlivertissuewith
age [51].
4.DNA RepairEnzymes inthe LiverofOld Mice
DNA repair is required for genome stability. If lesions in
DNA were not repaired, they would accumulate to high
levels,incompatiblewithnormalconditionsoflife.Cellshave
evolved a complex network of repair systems for the removal
of DNA damage. If unrepaired, DNA lesions can lead to
DNA polymerase arrest, which can result in double-strand
breaks upon DNA replication collapse or breaks at regions
of the genome that are actively transcribed and mutations.
Both strand breaks and mutations accumulate with age in
several model organisms, indicating an important role for
DNA repair in preventing age-associated genomic instability.
Because the chemical nature of the DNA lesions is varied,
each type or class of DNA modiﬁcation is repaired by a
speciﬁc repair pathway. Small base modiﬁcation, such as 8-
oxo-deoxyguanine, many alkylated bases, and single-strand
breaks are mainly recognized by enzymes of thebase excision
repair pathway (BER). Bulky covalent lesions, such as those
induced by UV and several carcinogens, are repaired by the
nucleotide excision repair pathway (NER). Double-strand
breaks and interstrand DNA cross-links, on the other hand,
require a specialized repair pathway and are repaired by non-
homologousendjoiningorbyhomologousrecombination.It
isnoteworthy,however,thatwhile theserepairpathwayshave
been characterized independently, in vivo there is substantial
crosstalk among them. Some proteins involved NER may, in
some cases, also participate in the repair for certain oxidative
lesions, mostly via protein interactions with canonical BER
proteins.
4.1. Base Excision Repair in the Liver of Mice. Base excision
repair (BER) functions by glycosylase-initiated removal of a
damaged base followed by incision of the DNA backbone,
synthesis of new DNA, cleaning up of the 3  and 5  ends, and
ligation [52]. Various DNA glycosylases recognizing speciﬁc
types of damage initiate BER. Incision of the phosphate
backbone is accomplished by an AP endonuclease, APE
(HAP1,APEX,REF1).Inthenucleus,theDNAsynthesis step
in the BER pathway is carried out by DNA polymerase β (β-
pol) [53]. It is estimated that 70–90% of all BER takes place
via the replacement of a single nucleotide by β-pol, short-
patch pathway [54]. In a minor subpathway termed long-
patch BER, β-pol is believed to initiate repair synthesis and
can replace up to six nucleotides [55]. The long-patch BER
is also DNApolymerase δ/PCNA-and FEN1-dependent [56,
57]. Poly(ADP-ribose) polymerase 1 (PARP1), functioning
as DNAnick-sensor, will regulate the activity of β-pol during
long-patch BER [58]. In 2002, Cabelof and colleagues [52]
reported their analyses of uracil-initiated short-patch BER
in liver extracts of C57BL/6 mice at diﬀerent ages. The
G:U mismatch is estimated to be responsible for 70–90%
of all BER [54]. Nuclear extracts from the liver of 22–26
month-old mice showed a 50–75% decrease in the repair of
a DNA duplex containing G:U mismatch compared to the
liverofyoungfour-tosix-months-old animals [52].Asimilar
decrease in the liver of old mice was also obtained with a
DNA duplex containing an 8-oxo-deoxyguanine, although
no changes in OGG1 activity in the nucleus of mouse liver6 Current Gerontology and Geriatrics Research
with age had been observed previously [59]. Interestingly,
they found a decrease in β-pol protein levels in the liver
of old C57BL/6 mice compared to young mice. The group
also examined the lacI mutation frequency in response to
the alkylating agent dimethyl sulfate in their young and
old animals. The mutation frequency did not signiﬁcantly
increase in younganimals whereas identicalexposure in aged
animals resulted in a ﬁvefold increase in mutation frequency.
Because dimethyl sulfate induces DNA damage processed by
the BER pathway, the authors suggested that the increased
mutagenicity of dimethyl sulfate with age was related to a
decline in BER capacity that occurred in the liver of aged
mice [52]. The predominant lesion induced by dimethyl
sulfate is N7-methylguanine, which is eﬃciently repaired by
BER. Because the glycosylase activity for N7-methylguanine
doesnot appear to decrease during aging [60], it is likely that
the decrease in BER observed in old C57BL/6 mice is due to
ad e c r e a s ei nβ-pol activity. The following year, Intano and
colleagues [61]a l s oo b s e r v e d ,i nt w od i ﬀerent mouse strains
(outbred CD1 and hybrid B6D2F1 mice), a 50% decrease in
G:Umismatch repairin nuclearextractfrom theliverofaged
mice. They were unable, however, to see a diﬀerence in β-pol
protein levels in the liver of young and old mice (3-, 18-, and
28-month-old mice). The levels of other proteins important
for BER of G:U mismatch such as ligase I and III, XRCC1,
APE/REF-1 were not changed with age [61]. The diﬀerence
in β-pol protein levels in C57BL/6 mice with age could be
mouse strain-speciﬁc, or it could even be due to diﬀerences
in husbandry conditions [62].
Removal of 8-oxo-deoxyguanine in chromosomes is
primarely initiated by the 8-oxoguanine DNA glycosylase 1
(OGG1) or, to a lesser extent, Nei endonuclease VIII-like 1
(NEIL1) repair enzymes [31]. In the nucleus, the expression
of OGG1 and NEIL1, at least at the mRNA level, does not
change with age in the liver of C57BL/6 mice. Similarly, 8-
oxo-deoxyguanine glycosylase activity was not signiﬁcantly
changed with age in mouse or rat liver [59, 63]. In the
nucleotide pool, 8-oxodGTP is generated by the oxidation
of 2 -deoxyguanosine 5 -triphosphate (dGTP). One of the
nudix enzymes (nucleoside diphosphate-linked moiety X)-
type motif 1 (Nudt1, also called MTH1) degrades 8-oxod
GTP to 8-oxodGMP, thereby preventing its incorporation
into chromosomes during DNAreplication [31]. The mRNA
levels of Nudt1 do not change with age in mouse liver.
Intriguingly, the 8-oxodGTPase activity in the liver signif-
icantly decreases by approximately 30% from six to twelve
months compared to two-to-three-month-old mice. It then
increases back to levels observed in the liver of two-three-
month-old animals when mice reach the age of 25 months
[31], although the levels of 8-oxo-deoxyguanine lesions
were still higher in the liver of 25-month-old animals [31].
T h ea u t h o r ss u g g e s t e dt h a tt h ei n c r e a s ei n8 - o x o d G T P a s e
activity observed in older animals could be an adaptive
response to an increase in endogenous ROS production
that can potentially overwhelm the antioxidant systems of
aged hepatocytes. Food consumption per body weight is
also higher in two-to-three-month-old mice compared to
six-to-twelve-month olds, potentially contributing to higher
endogenous metabolic ROS in young animals. Appropriate
experiments are warranted to conﬁrm this hypothesis.
Overall, oxidative DNA damage increases in the liver of mice
with age concomitantly with a decline in BER. Knockout
of several BER enzymes has been generated in mice over
the years. A comprehensive review on this subject has been
already published by Xu and colleagues and will not be
discussed here [62].
4.2. Nucleotide Excision Repair in the Liver of Mice. The
nucleotide excision repair (NER) is the main DNA repair
systemfortheremovalofbulkyandhelixdistortinglesionsin
DNA.The NERpathwayis composedofa multiproteincom-
plex that removes an oligonucleotide containing the lesion.
The 5 -incision, which is carried out by an endonuclease
complexcontainingtheexcisionrepaircross-complementing
rodent repairdeﬁciency,complementationgroup1(ERCC1)
protein, is the ﬁrst step in the excision of the nucleotide and
canbeconsideredastherate-limitingstepoftheNERprocess
[31]. The mRNA levels of Ercc1 do not change with age in
the liver of mice [31] .O n es t u d y ,h o w e v e r ,h a si n d i c a t e da
signiﬁcant decreasein NERactivities inhepatocytesfrom 24-
month-old rats compared to hepatocytes from six-month-
old rats [64]. This diﬀerence with age, though, was speciﬁc
to certain regions of the genome. Accordingly, there are
age-related changes in the structure and function of the
c h r o m a t i ni nd i ﬀerent regions of the genome, which may
aﬀect the eﬃciency of DNA repair [65, 66].
The expression of several proteins involved in the NER
pathway was found to decrease with age in the skin of mice
[67], although the same has not been observed in the mouse
liver tissue. Nonetheless, knockout of several NER proteins
has been generatedinmice overtheyears [68],recapitulating
some of the human segmental progeroid syndromes like
Xeroderma pigmentosum, Cockayne syndrome, or trichoth-
iodystrophy [68]. Several of these mice exhibit, in addition
to an accumulation of mutations in their liver tissues,
transcriptional changes relatedtometabolicabnormalitiesor
phenotypes associated with aging (discussed below).
4.3. Repair of Double-Strand Breaks in the Liver of Mice.
Two major repair pathways are involved in the repair of
double-strand breaks in order to preserve genomic integrity:
the non-homologous end joining (NHEJ) and homologous
recombination (HR). The NHEJ system repairs double-
strand breaks in the DNA by joining free ends together
without the aid of a homologous template and occurs during
theG1 andSphasesofthecellcycle.Thisreactionistherefore
prone to errors during repair. The major proteins involved
in this pathway include Ku70, Ku80, DNA-PKCS,A r t e m i s ,
XRCC4, DNA Ligase IV (LIG4), WRN, and the XRCC4-
like factor [69]. Ku70 and Ku80 form a heterodimer that
binds to DNA ends and together with a PI-3 kinase catalytic
subunit, DNA-PKCS, forms a holoenzyme referred to as
DNA-PK (DNA-dependent-protein kinase). Artemis opens
hairpins and processes overhangs in a complex with DNA-
PKCS, thereby generating substrates that are ligated by the
XRCC-LIG4 heterodimer in a complex with the XRCC4-
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protein cooperates with the XRCC4-DNA ligase IV complex
during end-processing [70]. Importantly, many proteins of
the NHEJ reaction are required for the maintenance of
the telomeric ends of chromosomes, including Ku70, Ku80,
DNA-PKCS,a n dW R N[ 71]. These proteins will impact
telomere length maintenance and will suppress telomere
fusions that couldeventuallylead to chromosome rearrange-
ments [69, 71].
In the HR reaction, the sister chromatid or homologous
chromosome is used as a template to repair the broken
DNA. Thus, HR is largely restricted to late G2 and M
phases of the cell cycle, when these are available after DNA
replication [71]. The ﬁrst step in HR is processing of the
double-strand break by a nuclease to generate 3  single-
stranded DNA tails, which are coated with the single-strand
binding protein RPA. The MRN complex, composed of the
proteins MRE11, RAD50, and NBS1, is a candidate for this
nuclease, although other nucleases are likely involved as
well. The RAD51 protein, assisted by a number of factors
including RAD52, RAD54, BRCA2, and the RAD51 paralogs
(XRCC2, XRCC3, RAD51B, RAD51C, and RAD51D), forms
a nucleoprotein complex with the DNA and directs the 3 
single-stranded DNA tails to search out, invade, and pair
with undamaged homologous sequences. DNA polymerases
thencarry outrepair using theintact DNAasa template.The
processes of DNA strand exchange and extension generate
Holliday junctions, structures in which two double-stranded
DNA duplexes are intertwined. The ﬁnal step of the reaction
is the resolution of the Holliday junction structures with
speciﬁcnucleaseenzymes[72].Interestingly,severalenzymes
involved in NER also participate in diﬀerent steps of the HR
reaction. The proteins mentioned here form only a partial
list, which is not intended to be complete,as there are several
excellent reviews on the molecular events in HR.
Any defect in the double-strand breaks repair pathway is
likely to lead to gross chromosomal rearrangements. There
are indirect evidences that such repair systems might be
aﬀected in mouse liver with age. It is now well recognized
that persistent double-strand breaks and gross chromosomal
rearrangements increase in the liver of aged mice [15, 73].
The NEHJ function has been shown to decline with age
in the brain of rats [74, 75]. Liver from old rats, however,
does not show a decrease in Ku70, Ku80, DNA-PKCS protein
levels or activities compared to young rats [76]. There is
little information for mouse liver in the literature. Based on
microarray expression data, Hoeijmakers and colleagues [7]
observed a twofold increase in mRNA levels for RAD51 and
RAD51-like 1 proteins in the liver of 32-month-old mice
compared to two-month-old animals. Han and colleagues
[77] found RAD21 mRNA to be elevated in the liver of old
mice. RAD21 is also involved in the repair of double-strand
breaks [78]. Such increase in RAD51, RAD51-like 1, and
RAD21 mRNA levels may reﬂect a response to the higher
levels of double-strand breaks observed in hepatocytes of
older mice [73]. One important limitation of microarray
analyses is the absence of information on the actual protein
levels in tissues under study. It is thus unknown at present
whether the enzymatic activities related to HR (or to the
NHEJ) in the mouse liver change with age.
5.Mitochondrial DNA intheMouse Aging Liver
The mitochondrial theory of ageing is based on the assump-
tion that ROS or other free radicals generated as byproducts
of the mitochondrial electron transport chain during the
life span of an organism damage proteins, lipids, and the
mitochondrial DNA, which are closely positioned to the
sites of ROS generation in the electron transport chain
[25]. The mitochondrial genome is a circular molecule of
approximately 16s and codes only for components of the
oxidative phosphorylation system (13 proteins in addition to
22 tRNAs and 2 rRNAs). A single hepatocyte may contain
up to 25,000 copies of mitochondrial DNA (four to ten
copies per mitochondrion), which are continuously turned
overalongwithmitochondria, independentlyofthecellcycle
[79, 80]. Oxidative damage is believed to play a substantial
role in mitochondrial mutagenesis [45] because the majority
of mitochondrial mutations are GC to AT transitions,
which are signature mutations for oxidized cytosines [80].
Mitochondria possess a functional BER mechanism, some
activities indicative of double-strand break repair [81], and
recently mismatch repair activities have been identiﬁed in
humancellsandratlivermitochondria [82,83].Ontheother
hand, NER has not been detected in mitochondria [84]. The
Cockayne Syndrome group B gene product (CSB), which
is involved in NER and BER in the nucleus, has recently
been found in human mitochondria, where it is believed
to only assist BER reactions through protein interactions
[85].
One study reported that most mitochondrial DNAin the
liver of 22-month-old mice carry multiple point mutations,
a signiﬁcant increase compared to two-month-old animals.
The mutation frequency in the liver of old mice ranged
from 0.1 to 2.4%, which exceeds the mutation frequencies
observed for nuclear DNA by approximately 1000-fold [86].
This observation is not, however, surprising, as the levels
of oxidized DNA lesions are signiﬁcantly higher in the
mitochondrial DNA when compared to the nuclear DNA
in rat and mouse liver [34, 87]. As in the nuclear DNA,
oxidative DNA damage can lead to mutations but also to
deletions. Indeed, the frequency of multiple deletions in
mouse liver also increases signiﬁcantly with age [88, 89]. The
exact reason for the increase in deletions in the aging liver
is yet unknown, but an important clue to the mechanism
was given by the observation that the deleted regions in
the mitochondrial DNA of old mice are ﬂanked by small
repeats [89]. Paradoxically, BERfrom mitochondrial extracts
increases with age in the liver of mice and rats [59, 63],
in contrast to data showing an increase in oxidative lesions
in mitochondrial DNA with age [86]. This contradiction
may have been resolved when it was found that although
the total 8-oxoguanine-DNA glycosylase activity is higher
in mitochondrial extracts from the liver of old mice, a
l a r g ef r a c t i o no ft h ee n z y m e si ss t u c kt ot h em e m b r a n e
in the precursor form, which could not be translocated to
and processed in the mitochondrial matrix. A similar phe-
nomenon was observed with the mitochondrial uracil-DNA
glycosylase responsible for the repair of mutagenic uracil in
the DNA, suggesting a net decrease in repair with age [90].8 Current Gerontology and Geriatrics Research
DNA polymerase γ is the only known DNA polymerase
in mitochondria, involved both replication and repair pro-
cesses. This protein isencodedby anucleargene. Two groups
have independently generated mice expressing a proof-
reading-deﬁcient DNA polymerase γ [91, 92]. These mice
accumulate mitochondrial DNA mutations and deletions
and exhibit a premature aging phenotype with a reduced life
span. Interestingly, such mice do not exhibit increased mark-
ers of oxidative stress (including oxidized DNA damage) in
the liver with age [92, 93]. The only age-related phenotype
observed in the liver of proof-reading-deﬁcient DNA poly-
merase γ mutant mice was extramedullary haematopoisis in
theliverofsix-month-oldanimals [91],while thisphenotype
generally occurs much later in normal mice [94]. It is
believed that the accumulation of mitochondrial mutations
in such mice is causing a decrease in functional proteins of
mitochondrial electron transport chain [95]. This, in turn,
impacted on energy production, cell proliferation and led
to increased apoptosis in the liver tissue potentially aﬀect-
ing liver homoeostasis [91–93, 95]. Electron microscopical
analyses of the mitochondria from the DNA polymerase
γ mutant mice should give important information on the
morphology and function of these organelles in the liver.
Finally, the levels of telomeric rearrangement or attrition in
such mice would also contribute to important information
ontheimpactofmitochondriallygeneratedROSontelomere
stability in aging mice.
6.DNA RepairEnzymes and
Metabolic Syndromes
A major question that still remains is whether DNA repair
deﬁciency leads to accumulation of enough mutations in
the liver (or any other tissue) to cause aging or any age-
associated diseases. Most DNA repair encoding genes have
been mutated or deleted through genetic manipulation of
embryonic stem cells to understand their functions and
impact on aging. The goal of this section is to describe some
of these mouse models of aging that we think are giving
valuable information in the ﬁeld of liver aging.
6.1. Base Excision Repair. The genetic ablation of XRCC1,
APE/REF-1, β-pol, and DNA ligase III in mice is embryonic
lethal [96–99], while the absence of 8-oxoguanine DNA
glycosylase 1 (OGG1), endonuclease III homolog (mNTH1),
or 8-oxodGTPase (MTH1) results in animals appearing
normal, with no gross abnormality in the liver. They do
accumulate premutagenic lesions, 8-oxoguanine DNA, and
are prone to hepatocarcinoma in the presence of damaging
agents (causing oxidative stress) [100–105], but no aging
phenotype has been observed. PARP1-deﬁcient mice, in
turn, exhibit increased frequency of deletions and sponta-
neous liver tumors compared to wild-type animals [106].
In contrast, a knockout mouse model of the NEIL1 DNA
glycosylaseinmouse canresultinaseveremetabolicdisorder
[107]. Metabolic syndrome aﬄi c t su pt oo n eh a l fo fW e s t e r n
population and is considered an age-related, pro-inﬂamma-
tory lipidic disorder [108]. This phenotype, however, has
not been reproduced in NEIL1-deﬁcient mice from other
laboratories and could be due to the genetic background
of the mouse colony used in the published study [107].
Although OGG1 and NTH1 enzymatic reactions represent
the bulk of DNA glycosylase activities in mammalian cells
for repairing oxidized bases, NEIL1 is part of a back-up
system for repairing ROS-induced lesions in mammalian
mitochondria [38] and cells. Importantly, NEIL1 protein,
unlike OGG1 and NTH1, is able to excise base lesions
from single-strand DNA regions suggesting a preferential
involvement of this enzyme in repair during transcription
[109]. Whether a speciﬁc subset of genes involved in glucose
and lipid metabolisms is more prone to the deleterious eﬀect
of NEIL1 loss of function in the liver of mice awaits further
evidence.
6.2. Nucleotide Excision Repair. Two subpathways are recog-
nized for the NER, which diﬀer in the lesion recognition
mechanisms. The global genome NER is involved in the
removal of distorting lesions anywhere in the genome,
while the transcription-coupled NER eliminates distorting
DNA damage that blocks transcription [110]. As mentioned
earlier, several mouse models with mutations in diﬀerent
NER genes were generated to phenocopy diﬀerent progeroid
syndromes [68].ThesemodelsincludetheXPA,CSB,ERCC1
knockout mice and the XPD point mutation animals [110].
Brieﬂy, the XPA knockout mice are completely deﬁcient
for both global genome NER and transcription-coupled
NER, but can repair some transcription-blocking lesions,
including oxidative DNA damages. The CSB protein is
thought to be involved in displacing RNA polymerase stalled
by a DNA lesion and recruiting the NER (and probably
the BER) machinery to sites of DNA lesions. CSB knockout
mice are deﬁcient in transcription-coupled NER and have
lower BER activity of oxidative DNA damage, while their
global genome NER capacity remains intact. Such mice
show mild aging features including reduced growth and
mild neurologic dysfunction [111]. Complete inactivation of
the XPD helicase is not viable in mice, due to its essential
transcription initiationfunction as acomponentoftheTran-
scriptionFactorIIHcomplex.ThereisanXPDmousemodel,
however, that contains the same point mutation found in a
trichothiodystrophy patient, which shows many hallmarks
of trichothiodystrophy, including premature aging features
[68].This mutantXPDproteincausesapartial defectin both
global genome and transcription coupledNER. The ERCC1-
XPF complex forms an endonuclease required for the 5 -
incision to remove the damage-containing oligonucleotide
during NER, but also essential for interstrand crosslink
repair. ERCC1 knockout mice are deﬁcient in global genome
NER, transcription-coupled NER, and interstrand crosslink
repair. These mice show a severe phenotype including
retarded growth, progressive neurological abnormalities,
kyphosis, a short life span of about three to four weeks,
and liver dysfunction [112]. At the cellular level, an ERCC1
defect leads to accelerated nuclear polyploidization. The
combination of a knockout allele with a truncated ERCC1
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acids, delays the onset of the premature aging phenotype
and extends the maximal life span to about six months
[113].
XPA, CSB, ERCC1 knockout mice and the mutant
XPD animals were crossed to mice harboring lacZ-reporter
genes, and mutation frequency was estimated in the liver of
t h e s em i c eb yD o l l ´ e and colleagues [110]. XPA deﬁciency
resulted mainly in one-base pair deletions in young mice,
but in older mice the mutation spectrum changed to an
increaseinG:C → T:Atransversions, whicharecharacteristic
of oxidative DNA damage, indicating that an increase in
oxidative DNA damage is an important event in age-related
mutagenesisin theliver. ERCC1mutantmice (expressing the
truncated protein), with their short life span of six months
and severe symptoms of premature aging, displayed an even
faster lacZ-mutant accumulation in the liver. Mutations
included mostly genome rearrangements [110]. In contrast,
CSB knockout mice and the XPD point mutation animals
did not reveal an elevated lacZ mutation frequency. The
authors concluded that shortened life span in mice with
defects in transcription-coupled repair did not depend upon
increased mutationaccumulation [110]. Interestingly, global
gene expression analyses using microarrays revealed that
the same mutated XPD mice exhibited increased apoptosis
that exceeded cell renewal in their liver [114]. Appropriate
histochemical analyses conﬁrmed the microarray data. In
addition, these mice displayed major metabolic changes with
regards to lipid metabolism (abnormal lipofuscin accumu-
lation in hepatocytes) and a downregulation of the Insulin
Growth Factor 1 (a known regulator of life span) signaling
in their liver [114, 115] .I nt h ec a s eo fE R C C 1k n o c k o u t
mice, metabolic and gene expression proﬁling also revealed
altered lipid and energy metabolism, transition to ketosis,
increased liver cell death, and attenuation of liver functions
[7, 116]. Finally, these mice also displayed downregulation
of the Insulin-like Growth Factor 1 signaling in their liver
[116].
A double knockout of XPA and CSB genes in mice
resulted in a complete inactivation of NER leading to a
phenotype that reliably phenocopied the human progeroid
Cockayne syndrome [117]. Mouse liver transcriptome anal-
ysis and several physiological endpoints revealed systemic
suppression of the growth hormone/insulin-like growth
factor 1 somatotroph axis, changes in oxidative metabolism
with increased antioxidant responses, and hypoglycemia
together with hepatic glycogen and fat accumulation [117].
Importantly,wild-typemiceexposed toalowdoseofchronic
genotoxicstress recapitulatedthis response. Altogether,these
results suggest that even though mutation rates may not
be tremendously high in these mice, impaired transcription
of genes containing DNA lesions would still contribute to
aging due to the intimate relationship between NER and
t r a n s c r i p t i o ni nt h el i v e ro fN E R - d e ﬁ c i e n tm i c e[ 69].
6.3. Double-Strand Break Repair. There is a lot more infor-
mation regarding mice deﬁcient in proteins of the NHEJ
repair pathway and aging liver than those lacking proteins of
the HR pathway [69, 71]. DNA-PKCS-deﬁcient mice develop
hepatitis with very high frequencies (66% of all mutant mice
examined) [118], although no other liver anomalies were
reported. Ku80-deﬁcient mice exhibit signs of premature
aging in several organs, and their livers displayed micro
abscesses (acute response with neutrophils) and granolam-
atous inﬂammation (chronic response with mononuclear
cells), as well as nodular hyperplasia [119]. Moreover, Ku80-
deﬁcient mice harboring the lacZ-reporter gene displayed
signiﬁcantly higher numbers of genome rearrangements in
liver compared to wild type animals [120]. The liver of such
animals also exhibited substantial increase in persistent γ-
H2AX DNA damage foci as compared to wild-type liver. On
the other hand, little information has been published on the
liver of Ku70-deﬁcient mice, and only one report suggests
that Ku70-deﬁcientmice treated with an alkylating agentwill
rapidly develop hepatocellular carcinomas [121].
The WRN protein is a member of the RecQ helicase
family that also contains a functional 3 -5  exonuclease
activity. It is involved not only in the NEHJ repair pathway
but also in HR, in telomere maintenance, and potentially
in BER pathways [122]. Complete functional inactivation of
the WRN protein in human leads to the premature aging
disorder Werner syndrome. The ﬁrst mouse WRN mutant
model to be described in the literature lacked part of its
DNA helicase domain [123]. These mice synthesize a stable
proteinwithnoDNAhelicaseactivity.Originally,theseWRN
mutant mice (largely in the outbred Black Swiss genetic
background) showed almost no phenotype after one year of
age, prompting several researchers to infer that these mice
did not age prematurely [71].This conclusionwasreinforced
by the description of a WRN null mouse that showed no
age-associated phenotype [124]; these animals would show
metabolic anomalies, including diﬀuse fatty inﬁltration of
theliver,onlyiffedadiabetogenicdiet[125].However,WRN
null mice crossed into telomerase knockout background
exhibited metabolic anomalies and severe premature aging
concomitantly with telomere attrition after several gener-
ations, stressing the importance of WRN functions at the
telomeres [126, 127].
Realizing that the genetic background may have pro-
found impact on the phenotype of mutant mice, the Lebel
laboratory backcrossed the WRN helicase mutant outbred
mice onto the pure C57BL/6N strain for twelve genera-
tions. These C57BL/6N WRN helicase mutant mice did not
severely age prematurely, but displayed phenotypes associ-
ated with human Werner syndrome. They exhibit an ab-
normal hyaluronicacidexcretion,prematurevisceralobesity,
hypertriglyceridemia, insulin-resistant type 2 diabetes and
associated cardiovascular diseases, higher ROS levels in
several tissues, increased genomic instability, and cancer
incidence resulting in a 10–15% decreased mean life span
[128]. Importantly, WRN helicase mutant mice exhibit a
severe defenestration of the liver sinusoidal endothelial cells
at seven to nine months of age [129], which is not observed
in wild-type animals until the age of two years. Interestingly,
thismorphologicalchangeisreversedbyvitamin Corresver-
atrol treatments [129, 130], indicating a causative role for
oxidativestress. In addition tomorphological changes, WRN
helicase mutant mice exhibit liver steatosis, increased lipid10 Current Gerontology and Geriatrics Research
peroxidation, and oxidative DNA damage. Furthermore,
these mutant mice displayed increased phosphorylation
activities of kinases normally responding to oxidative stress
[129]. Liver tissue from WRN helicase mutant mice also
exhibited alteration in the expression of genes involved in
caloric restriction [131], glutathione and xenobiotic me-
tabolism by cytochrome P450 pathways. These results can
be interpreted as a transcriptional response to the elevated
oxidative stress in the mutant mice. These mutant mice
also showed increased expression of genes involved in
inﬂammation, indicating an inﬂammatory response in their
liver [129, 130]. The observed alteration of the global gene
expression proﬁle in the liver of these mutant mice suggests
that WRN protein may aﬀect promoters of speciﬁc subset
of genes directly [132] or indirectly. Finally, WRN helicase
mutant mice exhibit increased rate of point mutations in
liver mitochondrial DNA [129, 130]. Preliminary electron
microscopy of liver tissue from helicase deﬁcient WRN
mutant mice has indicated a decrease in the number of
mitochondria and altered morphology of these organelles
compared to liver cells from age-matched wild-type animals
[133], a phenotype reminiscent of ageing liver [134–136].
Concomitantly, WRN helicase mutant mice exhibited a
decrease in ATP production [129]. Additional experiments
will be required to determine whether the mitochondrial
dysfunction is secondary to the dyslipidemia or diabetes
seen in these mice [128, 129]o ri fi tc o n s t i t u t e sap r i m a r y
event, which could be responsible for the premature aging
phenotype.
7.Conclusions
Aging is a pleiotropic and stochastic complex process that is
heavily inﬂuenced by genetic, epigenetic, and environmental
factors. This is particularly relevant for the liver, which is a
major organ regulating whole body homeostasis. The liver
is central to glucose and lipid metabolism as well as steroid
hormone biosynthesis and degradation. Importantly, itis the
main detoxifying organ with regards to drugs or potentially
toxic chemicals found in food. It has become clear, using
mouse models as biological tools, that genetic instability in
the form of gross DNA rearrangements or point mutations
accumulate in the liver with age. DNA lesions, such as
oxidized bases or persistent breaks, also increase with age
andcorrelatewell withthepresenceofsenescenthepatocytes.
ThelevelofDNAdamageand/ormutationcanbeaﬀectedby
changes in carcinogen activation (during detoxiﬁcation steps
of procarcinogenic substances), decreased ability to repair
DNA, or a combination of these factors [52]. ROS tissue
level (exogenous or endogenous generated during normal
metabolism) impacts on liver functions, and is intimately
linked to most if not all age-associated diseases. Mitochon-
drial dysfunction is one major source of endogenous ROS
during aging. Whether increased ROS is causative or a
consequence of aging is still a subject of intense debate,
especially in light of the observation that mitochondrial
DNA polymerase γ mutant mice age prematurely without
increasing ROS levels [92, 93]i nd i ﬀerent tissues including
t h el i v e r .I ti sc l e a r ,h o w e v e r ,t h a tm i t o c h o n d r i a ld y s f u n c t i o n
due to accumulation of either mitochondrial DNA deletions
or point mutations will aﬀect energy balance in cells and, by
the same token, the renewal of the stem cell compartment of
a tissue or simply by altering highly metabolically active cells
like the hepatocytes.
Telomere attrition is also associated with aging, although
similarly to what was discussed for ROS, whether telomere
shortening is causative or a consequence of aging is still a
subject of debate. Considering the fact that the telomeric
sequence is G rich, increased ROS will aﬀect binding of
telomerespeciﬁcproteinsandpotentiallyinduceatelomeric-
dependent senescence pathway in cells, which again will
impinge on liver homeostasis at the cellular level. In this
context, telomeres would act as an “ROS sensor” in the cell
gauging the levels of DNA damage in the liver. Causative or
not, ROS levels and structural changes at the telomere will
likely exacerbate the aging phenotype or dysfunction of a
tissue.
The lacI/lacZ reporter gene mouse models have taught
us that diﬀerent tissues exhibit diﬀerent mutation rates
with age. Speciﬁc DNA repair pathways have been shown
to decline with age, depending on the tissues. Except for
the BER pathway, few studies have shown decline of other
DNA repair pathways or repair enzymes in the mouse aging
liver. As several DNA repair enzymes are posttranslationally
modiﬁed upon DNA damage (thus altering their activities),
appropriate experiments are warranted to follow such post-
translational changes at the protein levels in the liver of
aging mice. Noteworthy, the genetic background of the mice
under study and the husbandry conditions (including diet)
will also impact on the phenotypes. Thus, depending on
the stress imposed on mice, the severity of the phenotype
will vary. Nevertheless, the control of ROS levels, struc-
tural changes at the telomere, DNA damage and mutation
rate, mitochondrial dysfunction will ultimately impact on
health, and such processes underline the complexity of
aging.
It remains unclear why only certain DNA repair mutants
show phenotypes related to premature aging. It is interesting
to note that the DNA repair-deﬁcient mouse models that
exhibit reduced health and/or life span in addition to early
appearance of age-related phenotypes also display major
changes in the expression of liver genes involved in stress
response, cell proliferation and apoptosis, glucose and/or
lipid metabolism, and inﬂammatory response. This suggests
that NEIL1 (associated with BER), CSB, ERCC1, XPA, XPD
(associated with NER), DNA-PKcs/Ku complex (associated
with NHEJ), and WRN (associated with NHEJ, HR, or
BER) are also implicated (directly or indirectly) with the
transcription of a subset of genes (or pathways) important
for the aging phenotypes at least in the liver. Such data imply
the possibility of targeting speciﬁc biochemical pathways
(in addition to ROS levels, telomere structural changes,
mitochondrial dysfunction) to control or slow down the
progression of age-related diseases. The impact of calorie
restriction, dietary restriction mimetics, or antioxidants is
already under scrutiny in diﬀerent mouse models of aging
[129, 130, 137, 138].Current Gerontology and Geriatrics Research 11
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